Abstract. Prey traits linking consumer diversity to ecosystem function remain poorly understood. On tropical coral reefs, herbivores promote coral dominance by suppressing competing macroalgae, but the roles of herbivore identity and diversity, macroalgal defenses, and their interactions in affecting reef resilience and function are unclear. We studied adjacent pairs of no-take marine reserves and fished areas on reefs in Fiji and found that protected reefs supported 7-173 greater biomass, 2-33 higher species richness of herbivorous fishes, and 3-113 more live coral cover than did fished reefs. In contrast, macroalgae were 27-613 more abundant and 3-43 more species-rich on fished reefs. When we transplanted seven common macroalgae from fished reefs into reserves they were rapidly consumed, suggesting that rates of herbivory (ecosystem functioning) differed inside vs. outside reserves.
INTRODUCTION
Biodiversity promotes the function, stability, and productivity of ecosystems, as well as the services they provide to human societies (Balvanera et al. 2006 , Cardinale et al. 2006 , Worm et al. 2006 . Positive effects of biodiversity on ecosystem function may result from the increasing probability of including a particular species with a disproportionately large impact (the selection effect), or the inclusion of multiple species with complementary and additive impacts on ecosystems processes (the complementarity effect) as communities increase in species richness (Loreau and Hector 2001) .
As such, elucidation of the functional roles of species in natural communities is critical for understanding links between biodiversity and ecosystem function, and for determining if species-specific or diversity-oriented management approaches are most effective for maintaining ecosystem processes (Duffy 2009 , O'Gorman et al. 2011 ). Our present understanding of how biodiversity affects ecosystem processes generally comes from smallscale experiments utilizing a relatively limited number of species from lower trophic levels (Balvanera et al. 2006 , Duffy et al. 2007 ). Thus, the functional diversity of consumers and effects of consumer diversity on ecosystem processes in natural communities remain poorly understood (Duffy 2002 , Balvanera et al. 2006 .
Consumers often have cascading effects on the structure and function of terrestrial, aquatic, and marine ecosystems (Pace et al. 1999 , Estes et al. 2011 ). On coral reefs, intense grazing by herbivores can remove .90% of 3 Corresponding author. E-mail: mark.hay@biology.gatech.edu daily primary production (Hatcher and Larkum 1983, Carpenter 1986 ), preventing the proliferation of macroalgae that reduce coral survival, growth, and reproduction (Birrell et al. 2008 , Hughes et al. 2010 . Herbivory thus facilitates coral reefs by promoting the resilience of foundation species (Hughes et al. 2007 , Mumby et al. 2007 . Intense top-down pressure on coral reefs has selected for macroalgae that produce a wide range of chemical and structural defenses, and in turn, for consumers that have counteradaptations to tolerate these defenses (Schupp and Paul 1994, Hay 1997) . Varied prey defenses and herbivore tolerances could create a role for feeding complementarity, and thus consumer diversity, in the suppression of macroalgae on coral reefs, but mechanistic studies demonstrating these relationships are lacking. In general, interactions between consumer and prey functional traits that link consumer diversity with the top-down control of ecosystems remain unclear (Hillebrand and Cardinale 2004 , Ives et al. 2005 , Duffy et al. 2007 , Edwards et al. 2010 .
Coral reef herbivores can be broadly classified into functional groups of (a) grazers (i.e., species that consume the epilithic algal matrix (EAM) from the substratum, thereby keeping the community in an early successional stage largely devoid of upright macroalgae), and (b) browsers (i.e., species that remove large, established macroalgae) (Bellwood et al. 2004, Burkepile and . Functional differences among grazers and browsers are well described (Bellwood et al. 2004 ), but levels of complementary vs. redundant feeding within functional groups are poorly understood. Recent field studies have elucidated the functional roles of some macroalgal browsers (e.g., Burkepile and Hay 2008 , 2010 , Hoey and Bellwood 2009 ), but few studies have examined responses of browsing herbivores to the diverse array of macroalgae that commonly characterize degraded reefs (Mantyka and Bellwood 2007, Burkepile and Hay 2008) . Studies in marine soft sediment , terrestrial shrub (Rogosic et al. 2006) , and aquatic rocky reef communities (Duponchelle et al. 2005) suggest that consumer complementarity could be an important mechanism linking consumer diversity to ecosystem function, but the mechanistic basis producing such patterns are rarely explored (Byrnes et al. 2006) .
On many tropical reefs experiencing coral decline, overfishing of consumers lessens top-down control, triggering phase shifts from coral toward macroalgae (Hughes et al. 2010) . Once abundant, macroalgae reduce coral survival and recruitment via competition (Hughes et al. 2007 , Diaz-Pulido et al. 2010 , Rasher and Hay 2010 , forming ecological feedbacks that further limit coral recovery and reinforce the dominance of macroalgae Steneck 2008, Hughes et al. 2010) . However, the mechanisms and outcomes of algal-coral competition on degraded reefs are species specific, and vary in part due to the unique traits of algal and coral species (Rasher et al. 2011) . A clearer understanding of the functional roles of herbivores as algal browsers, of macroalgae as coral competitors, and of macroalgae as herbivore prey is needed for effective management of reef resilience (Bellwood et al. 2004 , Hughes et al. 2010 .
Here, we determined: (a) the structure of herbivorous fish and benthic communities within a series of paired fished and protected reefs in Fiji, (b) whether herbivores within reserves are capable of suppressing an array of macroalgae that dominated fished reefs and that had variable effects on coral fitness, (c) the functional identities and redundancies of herbivores removing these macroalgae, (d) whether variable consumer tolerances to prey defenses play a role in generating browser complementarity, and thus (e) how consumer diversity and prey defenses interact to affect the process of herbivory on coral reefs.
METHODS

Study site characteristics
This study was conducted on reef flats within paired fished and protected areas (i.e., no-take marine reserves) adjacent to Namada, Vatu-o-lailai, and Votua villages along the Coral Coast of Viti Levu, Fiji. Surveys of fish and benthic communities were conducted in JulyAugust 2012, and feeding assays were conducted in May-June 2010 and 2011. Reserves are located along an 11-km stretch of fringing reef, each being separated by a minimum distance of 3.3 km and a maximum of 7.6 km. Established in 2002 Established in -2003 , the reserves are characterized by high coral cover (; 38-56%), low macroalgal cover (; 1-3%), and a high biomass and diversity of herbivorous fishes (see Results). Between reserves, the reef flat is subject to artisanal fishing at all trophic levels; these adjacent fished areas (''non-reserves'') are characteristic of degraded reefs with high macroalgal cover (; 49-91%), low coral cover (4-16%) and a low biomass and diversity of herbivorous fishes (see Results). Paired protected and fished areas were separated by 300-500 m.
We surveyed the benthic community structure of protected and fished reefs at each village using 30-m point-intercept transects (n ¼ 20 transects per reef per location) that were nonoverlapping and located haphazardly near the center of each area. The presence of hard corals, soft corals, sponges, crustose coralline algae (CCA), turf algae .0.5 cm, turf algae ,0.5 cm, cyanobacteria, fleshy macroalgae (to genus), or sand was surveyed at 0.5-m intervals along each transect (1200 points per reef ). If more than one species was present under a single point, both were counted, so cover could exceed 100%. To focus exclusively on hard substratum biota, we subtracted points on sand before calculating the percent coverage of each benthic organism on each transect.
Herbivorous fishes in each protected and fished area were surveyed using 30 3 5 m belt transects (n ¼ 12 transects per reef per location) that were nonoverlapping and located haphazardly near the center of each area. A single snorkeler surveyed all nominally herbivorous fishes (the parrotfishes [Labridae] , surgeonfishes [Acanthuridae], rabbitfishes [Siganidae] , and chubs [Kyphosidae] ) within the 5-m band of each transect, scoring fish identity and size (within 5-cm size classes). Biomass of each fish was calculated using published length-mass relationships.
Macroalgal consumption and identification of key herbivores
To determine the susceptibility of macroalgae to herbivore removal, we collected seven common macroalgae from non-reserve reefs at Votua village (the brown algae Sargassum polycystum, Turbinaria conoides, Padina boryana, and Dictyota bartayresiana, the red algae Amphiroa crassa and Galaxaura filamentosa, and the green alga Chlorodesmis fastigiata), deployed them within the three no-take reserves, and assessed loss of mass relative to caged controls over 48 h. We used these macroalgae because: (1) several dominate cover on the non-reserve reefs (see Results), (2) they encompass a range of taxonomic, morphological, and functional forms, and (3) they show a broad range of competitive impacts on corals (Hughes et al. 2007 , Diaz-Pulido et al. 2010 , Rasher and Hay 2010 , Rasher et al. 2011 .
We removed excess water from each alga using a salad spinner (10 revolutions), selected thalli of each species to roughly standardize visual apparency between species, weighed each alga, and arranged one thallus of each of the seven species in random order ; 7 cm apart on a 60-cm section of three-stranded nylon rope. Paired treatment (exposed to herbivores) and control (caged) ropes were assembled in the same manner (n ¼ 12 pairs per reef ). Standardizing apparency generated initial masses (mean 6 SE) of: S. polycystum (2.35 6 0.08 g), T. conoides (3.50 6 0.11 g), P. boryana (2.36 6 0.09 g), D. bartayresiana (6.13 6 0.16 g), C. fastigiata (4.55 6 0.21 g), G. filamentosa (1.60 6 0.07 g), and A. crassa (0.90 6 0.04 g).
We deployed paired treatment and control ropes in interconnected networks of reef flat pools accessible to herbivores during both low (; 1.5 m depth) and high (; 2.5 m depth) tidal periods. Treatment ropes were attached to dead coral fragments and deployed on the substratum at 5-7 m intervals. Each paired control was deployed in a wire mesh cage (65 3 10 3 10 cm; 1-cm 2 mesh), and placed within 1 m of its paired treatment rope. We deployed assays during calm conditions. After 48 h, we bagged ropes in situ, returned them to the laboratory, and spun and weighed each alga as described previously. The mass consumed was calculated using the formula: [T i 3 (C f /C i )] -T f , where T i and T f were the initial and final masses, respectively, of a treatment alga exposed to herbivores, and C i and C f were the initial and final masses, respectively, of its paired control. The percentage consumed was calculated to facilitate comparisons among species.
To identify the herbivores consuming macroalgae, we deployed the same seven algae in front of remote video cameras within each of the three reserves between 08:00 and 14:00 hours, during low tide. For each assay, we deployed three individual thalli of each algal species in a conspecific group (standardizing visual apparency within and between species), and configured conspecific groups randomly among four parallel 60-cm ropes, held flush to the substrate with steel bars. Tripods with cameras, and ropes with algae, were deployed for three consecutive days prior to the experiment to acclimatize fish to the presence of the experimental array.
Feeding assays (n ¼ 3 assays per reserve) were deployed within a 1-m 2 quadrat and filmed for one hour. We repeated each one-hour feeding assay at the same locations in each reserve over five consecutive days to capture effects of roving herbivores that fluctuate in space and time. This produced 15 feeding trials per reserve. Assays were conducted sequentially across reserves over a three-week period.
Videoed feeding observations were assessed for nominally herbivorous fishes (sensu Choat et al. 2002) . Juvenile fishes (,10 cm) and pomacentrids were not scored due to the difficulty of accurately assessing their impacts on the macroalgae. For each herbivore visit to the 1-m 2 quadrat, we recorded herbivore species, size, and the number of bites taken from each macroalga and from the epilithic algal matrix (EAM) on the substratum within the 1-m 2 area. If multiple rapid bites from a herbivore were not discernible, they were treated as one bite, but this occurred infrequently. Scoring was terminated when ; 75% of any macroalgal species was removed; at this point, the relative availability of each algal species was unacceptably skewed and could impact the relative preferences of herbivores. Because most assays lasted ,30 min before some algal species was 75% removed, only the first 30 min of each video was analyzed.
Do algal chemical defenses determine differential feeding among herbivores?
To assess the role of algal chemical defenses in generating complementary feeding among herbivores, we extracted the hydrophobic chemicals from algae avoided by particular herbivores, and coated these extracts onto an alga targeted by each respective herbivore (Meyer et al. 1994) . We exhaustively extracted C. fastigiata, A. crassa, G. filamentosa, and D. bartayresiana with 100% methanol, dried each extract using rotary evaporation, and partitioned each extract between water and ethyl acetate. The hydrophobic (ethyl acetate) fraction of each extract was retained, dried using rotary evaporation, and stored at À58C until used in feeding assays.
The unicornfish Naso lituratus and Naso unicornis did not consume the green alga C. fastigiata or the red algae A. crassa and G. filamentosa, but readily consumed the brown alga P. boryana. To test if the avoided algae possessed chemical defenses against N. lituratus and N. unicornis, we suspended each algal extract in ether and coated a natural volumetric concentration of the extract on five blades (2.04 6 0.03 mL [mean 6 SE] volumetric equivalent, n ¼ 10) of blotted and preweighed P. boryana. We allowed the ether to evaporate, and inserted these blades, each 5 cm apart, on a 60-cm section of three-stranded rope (n ¼ 15 ropes per extract). Paired control ropes were assembled in the same manner, but P. boryana was coated with ether alone.
The parrotfish Chlorurus sordidus did not consume the brown alga D. bartayresiana or the green alga C. fastigiata, and consumed little of the red alga G. filamentosa. To test if these algae were chemically defended against C. sordidus, we conducted chemical defense assays as described above, but using the red alga A. crassa (a preferred prey of C. sordidus, but not of other fishes) as our bioassay organism. Assays to test the tolerance of Siganus argenteus to chemical defenses were not conducted, because the only alga it consumed (C. fastigiata) was filamentous and held too much water for our hydrophobic extracts to adhere to its surfaces.
Assays involving coated P. boryana were conducted within Votua's marine reserve, during low tides (; 1.5-2 m depth) between 08:00 and 14:00, over three days (i.e., one algal extract per day). Paired treatment and control ropes were deployed 0.5-0.75 m apart on a small coral colony on the substratum. Because feeding on P. boryana was rapid (; 10 min per pair), treatment and control ropes were deployed one pair at a time, monitored, and recollected when ; 50% of the total algal mass (treatment and control combined) was consumed. Subsequent replicates were deployed 2-5 m from the previous location (n ¼ 15 pairs per extract). Post-assay ropes were bagged in the field, and blotted and reweighed at the laboratory to determine the mass of treatment vs. control consumed. Given the short duration of each assay and our visual assessment that algal portions were not lost to processes other than herbivory, caged controls were not deployed. We observed browsing by only N. lituratus and N. unicornis.
Due to lower browsing rates on A. crassa, we deployed paired A. crassa treatment and control ropes in Votua's marine reserve for 24 hours during a period of calm seas. Pairs were deployed within 0.5-0.75 m of each other, with replicate pairs separated by 5-7 m. Ropes were recollected, blotted, and reweighed as described previously.
Statistical analyses
Our benthic and herbivorous fish community data violated parametric assumptions. Thus, to evaluate differences among groups between paired reserve and non-reserve sites we used Mann-Whitney U tests. For these analyses we adjusted our significance level using a Bonferonni correction, in light of the large number of pairwise contrasts performed (Quinn and Keogh 2002) . We also evaluated the average diversity of macroalgal and herbivore species at each site by calculating their Shannon's H values in each transect.
We examined relationships between herbivore and macroalgal diversity and abundance in our field survey data using linear regression. For each analysis, a simple linear model was initially fitted to the data. We compared the fit of this model to the estimated best curvilinear model (e.g., second-order polynomial or exponential) using Akaike's Information Criterion (AIC c ), and retained the best-fit model. Our model selections were corroborated using extra sum-of-squares F tests (Quinn and Keogh 2002) . Regression analysis and fit tests were conducted using GraphPad Prism, v. 6.00 (GraphPad 2012).
When multiple macroalgae (i.e., treatments) are simultaneously offered to herbivores in multiple-choice feeding assays, herbivore preferences for an alga and their rate of grazing on each alga may depend on the identity and quantity of other available resources; thus the treatments may not be independent, violating the assumptions of ANOVA procedures (Roa 1992 , Lockwood 1998 . Alternative procedures are available to address this issue, such as Lockwood's (1998) modification of the multivariate Hotelling's T 2 test, or the rankbased Friedman's test (Roa 1992 , Lockwood 1998 . Data from our field herbivory assays could not be transformed to meet multivariate assumptions; we therefore analyzed them with Friedman's tests (Roa 1992 , Lockwood 1998 ). Significant differences were further evaluated using Friedman's post hoc multiple comparisons tests.
For each video assay, we summed the bites taken by each fish species on each alga and scaled them to rates per hour. Because videoed feeding assays (n ¼ 3 assays per reserve per day) were conducted in the same physical locations within each reserve on sequential days, multiple assays at each feeding station within a reserve may not be independent. We therefore used each station as an independent replicate and averaged results from each feeding station over the five days (i.e., n ¼ 3 results per reserve). Replicates from each reserve were pooled for analysis. Feeding data from videos could not be transformed to meet multivariate assumptions, so we conducted rank-based Friedman's tests for each of the four dominant browsing herbivores; collectively these species accounted for 97% of all recorded bites on macroalgae. Grazing rates for the four dominant fishes that fed primarily from the EAM were also analyzed using Friedman's tests.
Diet breadth was evaluated for each of the four species of browsing herbivores. For each, we calculated Levins' B (a metric of diet richness and evenness) using the proportions of their total bites taken on each of the seven macroalgae deployed in our 45 video assays. We then calculated the total diet breadths of hypothetical herbivore communities comprising increasing species richness. For those, we calculated the cumulative diet breadth of each possible multispecies combination (i.e., summing bite count data for all species in a combination and calculating a cumulative Levins' B). We evaluated the relationship between Levins' B and herbivore species richness using the same regression procedure as we used for our field survey data.
Data regarding the effects of algal extracts on herbivore feeding could not be transformed to meet the assumptions of paired t tests. We therefore evaluated these data with Quade's tests (Roa 1992 ). Friedman's and Quade's tests were performed using the program R (version 2.13.2; R Development Core Team 2011) and Friedman's post hoc analyses were conducted using the R package ''agricolae'' (version 1.0-9; de Mendiburu 2010).
RESULTS
Community structure and rates of herbivory across sites
Benthic community structure, herbivore biomass, and herbivore species richness differed dramatically between adjacent protected and fished reefs. When compared to fished reefs, reserves supported 3-11-fold higher coral cover, 7-17-fold greater biomass of herbivorous fishes, and 2-3.3 times more species of herbivorous fishes ( Fig.  1 ; Appendix: Table A1 ). Conversely, the abundance of large macroalgae was 27-61-fold higher (49-91% vs. 0.8-2.4% cover) and macroalgal species richness was 2.6-3.6 times greater in the non-reserves (Fig. 1,  Table 1 ). Brown macroalgae of the genera Sargassum, Turbinaria, Hormophysa, and Dictyota accounted for the vast majority (87-94%) of macroalgal cover on non-reserve reefs, with several less common macroalgae comprising the other 6-13% (Table 1) .
When transplanted from non-reserves into reserves, the brown algae S. polycystum, T. conoides, P. boryana, and D. bartayresiana were rapidly consumed (86-100% per 48 hours) by herbivorous fishes, while the green alga C. fastigiata and the red algae G. filamentosa and A. crassa were consumed at appreciable, but significantly lower, rates (5-54% per 48 hours) (Fig. 2) .
Identities of macroalgal browsers vs. substratum grazers
We quantified 19 757 fish bites on the seven species of macroalgae in our videoed feeding assays. Four herbivore species accounted for 97% of all bites. The unicornfishes N. lituratus and N. unicornis fed primarily on the brown macroalgae S. polycystum, T. conoides, P. boryana, and D. bartayresiana, with relative feeding on these algae differing somewhat between fishes (Fig.  3A, C) . The parrotfish C. sordidus (initial phase, IP) fed on the red algae A. crassa and G. filamentosa, with some feeding on S. polycystum but at modest rates relative to Naso species (Fig. 3E) . The rabbitfish S. argenteus consumed the green alga C. fastigiata; it consumed no other alga (Fig. 3G) .
With the exception of C. sordidus, the major consumers of macroalgae did not graze the EAM. However, other herbivore species took 4999 bites from the EAM, with 98% of all bites being by only five species, the parrotfishes C. sordidus (IP), Scarus rivulatus (IP), and Scarus schlegeli (IP), and the surgeonfishes Ctenochaetus striatus and Acanthurus nigricauda (Fig.  3B, D, F, H) . S. rivulatus, C. striatus, and A. nigricauda grazed the EAM almost exclusively, and in preference to all macroalgae (Fig. 3B, D, F) . S. schlegeli fed from both S. polycystum (or its epiphytes) and the EAM at low 2 ) of herbivorous fishes inside (black bars) and outside (gray bars) of no-take marine reserves at (A) Namada, (B) Vatu-o-lailai, and (C) Votua villages. Note the scale differences between yaxes. The number of samples was n ¼ 20 transects per reef per location (benthos) or n ¼ 12 transects per reef per location (fish). * Significant difference between reserve and non-reserve values at a location via a Bonferonni-corrected Mann-Whitney U test (P , 0.002 for benthic contrasts; P , 0.017 for contrasts of fish biomass).
rates (Fig. 3H) , while C. sordidus grazed the EAM, A. crassa, G. filamentosa, and S. polycystum at similar rates (Fig. 3E ).
Consumer diversity, ecosystem function, and the mechanism connecting them Herbivorous fishes exhibited strong feeding complementarity within a functional group (macroalgal browsers) and between functional groups (browsers vs. grazers), allowing no algae to escape attack from all consumers (Fig. 3) . Such complementarity may make herbivore diversity a requirement if herbivores are to effectively remove a diversity of macroalgae from reefs. Consistent with this notion, the total breadth and evenness (Levins' B) of macroalgae utilized by hypothetical communities of browsing fishes increased as a saturating function (R 2 ¼ 0.72) of increasing herbivore species richness in our empirically derived model (Fig.  4A) . Consistent with this model, macroalgal diversity in the field displayed a striking negative, linear relationship (R 2 ¼ 0.79) with herbivorous fish diversity across the six sites we investigated (Fig. 4B) . Moreover, macroalgal abundance displayed a negative, curvilinear relationship with herbivorous fish diversity (R 2 ¼ 0.72; Fig. 4C ) and a negative, nonlinear relationship with herbivorous fish biomass (R 2 ¼ 0.71; Fig. 4D ) across the six sites. When hydrophobic extracts of C. fastigiata and G. filamentosa were coated at natural concentration onto P. boryana, both extracts significantly deterred browsing by N. lituratus and N. unicornis (P 0.002; Fig. 5A, B) . In contrast, the extract of the avoided, but heavily calcified A. crassa did not deter browsing by Naso spp. (P ¼ 0.51; Fig. 5C ).
The hydrophobic extracts of C. fastigiata and D. bartayresiana deterred fish feeding on A. crassa (a preferred prey of C. sordidus; P , 0.001; Fig. 5D, F) . In contrast, the extract of G. filamentosa (an alga consumed by C. sordidus, but at low rates) did not significantly deter browsing (P ¼ 0.20) despite browsing declining by ; 34% (Fig. 5E) . 
DISCUSSION
Although dramatic phase shifts are less common on Pacific than Caribbean reefs (Hughes et al. 2010) , and it has been suggested that Indo-Pacific reefs are more robust and would have to be severely stressed to undergo Caribbean-like phase shifts (Roff and Mumby 2012) , we found striking differences in benthic and herbivore community structure between three pairs of adjacent Fijian reefs that were fished vs. protected (Fig.  1, Table 1 ; Appendix: Table A1 ). Fished reefs exhibited FIG. 3 . Rate of macroalgal consumption (bites per hour; mean 6 SE) by (A, C, E, G) dominant browsers on seven macroalgae common to degraded reef habitats or (B, D, F, H) dominant grazers on the epilithic algal matrix (EAM) on the substrata. Data for each consumer were analyzed separately by a Friedman's test and post hoc comparison. Bars with different letters above them were significantly different at the P , 0.05 level. Scarids were all initial phase (IP). Note the different scales for y-axes; n ¼ 9.
Caribbean-like degradation in that hard substrates were dominated by macroalgae (; 49-91% cover; Table 1 ) and corals were rare (; 4-16% cover; Fig. 1 ). Moreover, these reefs supported only 6-13% of the herbivorous fish biomass of adjacent reefs that were protected (Appendix: Table A1 ). In contrast, on protected reefs, corals were abundant (; 38-56% cover; Fig. 1 ) and macroalgae were rare (; 0.8-2.4% cover; Table 1), and herbivorous fish biomass and species richness were 7-17-fold and 2-3.3-fold greater, respectively, than on fished reefs (Appendix : Table A1 ). The pairs of fished and protected reefs we studied are on the same contiguous coastline, are separated by only ; 500 m, and differ primarily in access to artisanal fishers using hand lines, spears, and nets. We could find no other examples of such dramatic effects of reef protection on such small spatial scales. Reserves are adjacent to villages that enforce protection, so compliance is high, which may contribute to these striking differences.
When we transplanted common macroalgae from fished areas into protected areas, they were rapidly consumed (Fig. 2) , suggesting that reduced herbivory in fished areas might have generated the differences in macroalgal abundance between non-reserves and reserves. Videos of transplanted macroalgae showed that of the 29 larger herbivorous fish species occupying these sites (Appendix : Table A1 ), four species were responsible for 97% of bites taken on macroalgae within the reserves. Three of these four herbivores displayed feeding complementarity (Fig. 3) . The unicornfishes N. lituratus and N. unicornis fed almost exclusively on brown macroalgae, while the parrotfish C. sordidus fed primarily on red algae, and the rabbitfish S. argenteus was the sole consumer of a green alga (Fig. 3) . These four species of browsing herbivores were of low biomass or absent in fished areas (Appendix : Table A1 ).
Brown macroalgae commonly bloom on reefs following herbivore loss or removal (e.g., Lewis 1986 , Hughes et al. 2007 , and brown macroalgae comprised 87-94% Relationship between mean macroalgal diversity and mean herbivorous fish diversity (Shannon's H; mean 6 SE) at each of the six study sites. (C) Relationship between macroalgal abundance (percent cover; mean 6 SE) and herbivorous fish diversity (Shannon's H; mean 6 SE) at each of the six study sites. (D) Relationship between macroalgal abundance (percent cover; mean 6 SE) and herbivorous fish biomass (g/150 m 2 ; mean 6 SE) at each of the six study sites. Best-fit linear (panels A-C) or nonlinear (panel D) regressions were selected following an analysis of fit using AIC c criteria and extra sum-of-squares F tests (Quinn and Keogh 2002) ; n ¼ 20 transects per reef per location for macroalgal data; n ¼ 12 transects per reef per location for herbivore data. See Table 1 for site names; RES stands for reserve; NON stands for non-reserve.
of the macroalgal cover on the three fished reefs we studied (Table 1) . N. lituratus and N. unicornis represented only 7% of the herbivorous fish species richness and 32% of the herbivorous fish biomass within the reserves (Appendix : Table A1 ), but accounted for almost all (94%) of the feeding on the four abundant brown macroalgae we transplanted (Fig. 3) . Similarly, the parrotfish C. sordidus represented only 3% of the herbivorous fish species richness and 9% of the herbivorous fish biomass within the reserves but was responsible for 100% of browsing on the red algae G. filamentosa and A. crassa. The rabbitfish S. argenteus accounted for ,1% of the total herbivore biomass but 100% of the feeding on C. fastigiata. Given this strong complementarity and species specificity of feeding, removal of established macroalgae will depend not only on total herbivore abundance and species identity, but also the mix of herbivore species present in the ecosystem (see also Bellwood et al. 2004 , Burkepile and Hay 2008 , 2010 . It is well established that some fishes primarily consume small turfs and sediments comprising the epilithic algal matrix, while other fishes browse macroalgae (e.g., Choat et al. 2002 Choat et al. , 2004 , and thus that the grazers responsible for suppressing macroalgal recruitment differ from the browsers responsible for removing established macroalgae (Bellwood et al. 2004, Burkepile and . However the extreme variance in feeding among macroalgal browsers has rarely been addressed.
Based on the strong browser complementarity we observed in these experiments, and on complementarity noted among other fishes in the Caribbean Hay 2008, 2010) and on the Great Barrier Reef (Mantyka and Bellwood 2007) , we predicted that not just herbivore biomass, but herbivore diversity per se, could be crucial to the effective control of macroalgal abundance and diversity on coral reefs (Fig. 4A) . Consistent with this model, we found strong, negative associations between herbivorous fish diversity and macroalgal abundance and diversity across the six reefs we studied (Fig. 4) . Our results thus highlight the critical roles that consumer diversity and functional complementarity play in promoting the control of macroalgae on coral reefs. A role for herbivore diversity and feeding complementarity is also suggested by comparative studies conducted across 92 reefs in Australia (Cheal et al. 2013) .
The complementarity we observed among browsers was driven, in large part, by differential herbivore tolerances to algal chemical defenses (Fig. 5) . As such, a diverse group of specific browsers will be required to remove the broad range of differentially defended macroalgae that occur on degraded reefs (Figs. 1-5 , Table 1 ). Both laboratory and field experiments (Paul et al. 1990 , Hay et al. 1994 , Meyer et al.1994 Percentage of Padina boryana mass consumed (mean 6 SE) by the fishes Naso lituratus and Naso unicornis and (D-F) percentage of Amphiroa crassa mass consumed (likely by Chlorurus sordidus), when coated with hydrophobic extracts of algae avoided by each respective herbivore vs. paired control algae coated only with solvent (n ¼ 15 pairs). Results were evaluated with Quade's tests. , Burkepile and Hay 2008 , 2010 ) support these findings, indicating that differential tolerances to chemical and mineral defenses may be common among herbivores on both Pacific and Caribbean reefs. Although we demonstrate a role of prey chemical defenses in generating complementarity (Fig. 5) , prey morphological, structural, and nutritional traits may also be important (Hay et al. 1994 , Hay 1997 , Clements et al. 2009 ). For example, avoidance of A. crassa by both Naso species was not explained by defensive chemistry (Fig. 5C ). In this case, avoidance is likely due to the heavy calcification of A. crassa, which serves as a structural defense or as a mineral defense that buffers the acidic gut that several surgeonfish depend on for digestion of algal tissues (Hay et al. 1994, Schupp and . Interactions between prey chemical, nutritional, and structural traits and herbivore gut physiology likely play an important role in diet partitioning among reef herbivores (Schupp and Paul 1994 , Choat et al. 2002 , Clements et al. 2009 ) and in producing patterns of complementary feeding. However, our finding that prey chemical defenses play a major role in creating feeding complementarity appears to be the first experimental evidence that interactions between prey defenses and consumer tolerances underlie, in part, the complementarity effect driving the relationship between consumer diversity and coral reef function. Complex interactions between consumer and prey diversity could dictate the strength of top-down control in many other ecosystems (Hillebrand and Cardinale 2004, Edwards et al. 2010 ), yet few field studies have explicitly addressed this concept (Ives et al. 2005 , Duffy et al. 2007 ).
There is considerable debate over the effectiveness of marine protected areas as tools for restoring reef structure and function (e.g., Stockwell et al. 2009, Selig and Bruno 2010) . The relationships we describe here between herbivore diversity and macroalgal defenses may help to explain why some reefs have failed to recover from phase shifts to macroalgae, despite years to decades of protection (Ledlie et al. 2007 , Huntington et al. 2011 , but see Mumby and Harborne 2010 . Our study suggests that if reestablishing herbivore communities on degraded reefs contain functionally similar herbivores with limited diet breadths, they will be unlikely to effectively remove a diverse array of macroalgae possessing varied defensive traits (Fig. 5) .
On the reefs we studied, the diversity and biomass of herbivorous fishes was higher on protected reefs (Appendix : Table A1 ), and these differences in herbivore communities were associated with increased browsing, a rarity of macroalgae, and a higher abundance of corals. In 2004, shortly after no-take reserves were established at our study sites, coral cover was low and did not differ between fished and protected reefs (; 7% on all reefs due to a bleaching event), and macroalgal cover was 35-45% in both the fished and protected areas (V. Bonito, unpublished data and personal communication). However, eight years later the reserves have abundant and speciesrich herbivore assemblages, low macroalgal cover, and high coral cover ( Fig. 1 ; Appendix: Table A1 ). In contrast, the fished areas continue to lack both biomass and diversity of herbivores, are dominated by macroalgae, and have a low abundance of corals (Table 1, Fig.  1 ; Appendix: Table A1 ). Thus, management efforts to increase reef resilience must ensure that reefs not only harbor adequate herbivore biomass, but also certain critical macroalgal browsers, and the right species mix of browsers and grazers. This critical mix of herbivores is needed both to limit algal proliferation on substrata not already occupied by macroalgae (Paddack et al. 2006) and to remove chemically and structurally defended macroalgae already on the reef Hay 2008, 2010; Cheal et al. 2013) .
Previous studies identified the unicornfish N. unicornis as the most important consumer of Sargassum on the Great Barrier Reef Bellwood 2009, 2010) . We expand on these findings by demonstrating that N. unicornis and N. lituratus are the primary consumers of a diverse range of brown macroalgae (including the chemically rich and allelopathic D. bartayresiana) that dominate the fished reefs at our study sites (Fig. 1, Table  1 ). Given the significant feeding impact of these fishes on brown algae throughout the Pacific (Choat et al. 2002, Hoey and Bellwood 2009 ), targeted management of N. lituratus and N. unicornis might facilitate the reversal of phase shifts where brown algae have bloomed and might improve coral resilience on degraded Pacific reefs.
In addition to the dominant brown algae, our study also included other broadly distributed and common macroalgae that can directly damage corals via allelopathic competition. G. filamentosa and C. fastigiata are two of the most allelopathic macroalgae on Pacific reefs, and A. crassa is variably allelopathic, harming some corals but not others Hay 2010, Rasher et al. 2011) . These algae are of low palatability (Figs. 2 and  3) , and two of the three are chemically defended against some herbivores ( Fig. 5 ; see also Paul et al. 1990 , Meyer et al. 1994 ), yet they rarely, if ever, dominate reefs that lack significant herbivore populations. Such patterns are in contrast to the fast-growing, non-allelopathic, and palatable brown algae that dominate the non-reserve reefs at our study sites (Table 1) , and suggest that macroalgae may experience complex trade-offs between growth, antiherbivore defense, and allelopathic potency when competing for space under reduced herbivory.
In addition to browsers of macroalgae, we also documented five species of herbivores grazing the EAM growing on the substratum (Fig. 3) . C. sordidus and S. schlegeli fed on both the EAM and on some macroalgae, but the other common herbivores fed only from either the EAM alone or only on macroalgae (Fig.  3) . For fishes feeding on the EAM, differentiation of bites between the components of the EAM (small algal turfs, crustose coralline algae, sediments, detritus, cyanobacteria, and other sources) could not be deter-mined due to the mixture of these foods within the matrix and the resolution of our video assays. Thus, we could not assess complementarity vs. redundancy within this functional group. However, gut content studies of these herbivores show different items in the gut (Choat et al. 2002 (Choat et al. , 2004 , suggesting that complementarity may occur among these species as well, or that they feed from different surfaces or locations, either of which could make diversity within this group important in preventing phase shifts to macroalgae by keeping substrates in early successional stages.
Consumers impact ecosystem function through topdown forcing (Ives et al. 2005 , Duffy et al. 2007 , Estes et al. 2011 , and consumers are likely more vulnerable to localized extinction than primary producers (Duffy 2003 ), yet our understanding of how consumer diversity affects real-world ecosystems is limited (Duffy 2009 ). Our study demonstrates the importance of consumer diversity and feeding complementarity to the critical ecosystem process of herbivory on a coral reef, but also reveals a strikingly limited redundancy of macroalgal consumers feeding within a diverse natural assemblage. Our findings have worrisome conservation implications, because critical ecosystem processes may rapidly deteriorate when only one, or a few, key consumers are locally extirpated (Estes et al. 2011 , O'Gorman et al. 2011 , Bellwood et al. 2012 . Improved knowledge of the functional roles of consumers, the prey traits affecting consumer feeding choices, and the interaction of prey defenses and consumer tolerances appears critical for informed management to maintain the structure and function of natural ecosystems.
